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Concerns about micropollutants in wastewater treatment effluent is increasing during the 
past decade due to their potential adverse environmental effects. It has been hypothesized that 
ammonia-oxidizing bacteria (AOB) were responsible for micropollutants biotransformation, 
which contributes to the removal of micropollutants. Both inhibition studies and pure culture 
studies have been performed to test this hypothesis. By inhibiting ammonia oxidation in nitrifying 
activated sludge (NAS) with inhibitors including allythiourea and octyne,1 the biotransformation 
of a number of micropollutants was inhibited to different extents, which was restored when the 
ammonia oxidation activity resumed. The inhibition of the biotransformation of the 
micropollutants by the inhibitors of ammonia oxidation suggested the affinity between AOB and 
the biotransformation of these micropollutants. However, when using pure AOB cultures, such as 
Nitrosomonas europaea, only few of these micropollutants could be biotransformed. Such 
discrepancy might due to the facts that the tested pure cultures were disparate with the AOB in 
NAS, and the microorganisms dependently growing with AOB, such as nitrite-oxidizing bacteria 
(NOB) were not taken into consideration. Therefore, the objective of this study is to investigate 
the contribution of more environmental relevant nitrifiers to micropollutants biotransformation 
using a nitrifying community enriched from biofilm of a nitrification tower in a local wastewater 
treatment plant. We inoculated biofilm samples to two reactors using basal medium without adding 
organic carbon. Ammonium was supplied into one reactor upon depletion, and nitrite was supplied 
to the other reactor. In the first reactor, namely AOB/NOB enrichment reactor, both of AOB and 
NOB were expected to be dominant. Contrarily, NOB was expected to be exclusively enriched in 
the other reactor fed with nitrite, hence the reactor was named by NOB enrichment reactor. After 
iii 
 
about 8-months enrichment, we obtained a nitrifying enrichment culture with 75.9% AOB and 7.6% 
NOB in the community of AOB/NOB enrichment reactor, while the relative abundance of AOB 
and NOB in the NOB enrichment reactor were 0% and 25.6% based on quantitative PCR detection. 
We then investigated micropollutants biotransformation by this two nitrifying enrichment culture. 
We used fourteen micropollutants whose biotransformation were previously observed to be 
inhibited by inhibitor (i.e., allythiourea and octyne) treatment to NAS. Results showed that the 
AOB/NOB enriched cultures were able to significantly degrade five among fourteen 
micropollutants, including Fenhexamid (55%) and Rufinamide (30.14%), while all of the five 
compounds can also be similarly degraded by Nitrosomonas europaea pure culture. However, the 
biotransformation of Furosemide in NOB enriched cultures was significantly higher than 
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CHAPTER 1: INTRODUCTION 
 
There are variety of micropollutants (MPs) in municipal wastewater ranging from 
surfactants to heavy metals, including pharmaceuticals and personal care products (PPCPs), 
industry chemicals, biocides and pesticides,2 and household chemicals.3 The increasing worldwide 
consumption of chemical products has led to increasing MPs pollution of water system, including 
surface and groundwater.4 MPs come from both of natural and anthropogenic sources.5 The human 
activities such as biomass burning, industrial operations, garbage incineration, and household 
organic consumption can all contribute to the increase of MPs level in the run-in of WWTPs,6 
making WWTPs one major sink of most MPs.7,8 However, MPs are not primary target pollutants 
of most of WWTPs, and thus the removal of MPs is usually not adequate and varied a lot for 
different compounds.9 Once discharged into environment, MPs have adverse impacts on wildlife. 
The release of estrogenic endocrine could cause the feminization and reproductive disruption in 
fish and mussels, which has already been substantiated by the study of downstream from several 
outfalls of WWTPs.10-14   
The correlations between nitrification and MPs biotransformation have been studied using 
nitrifying active sludge (NAS).1, 15-17 The biotransformation of a wide range of MPs was inhibited 
when the inhibitor of ammonia monooxygenase (AMO) was added, which is crucial to nitrification 
activity, indicating the affinity between the biotransformation of these MPs with 
nitrification.1,16,17,19 The study of pure ammonia oxidizing bacteria (AOB) and nitrite oxidizing 
bacteria (NOB) cultures were used to demonstrate more direct contribution of AOB and NOB to 
MPs biotransformation.20 However, among the selected 15 MPs whose biotransformation had 
previously been proved correlated with nitrification, only few of them was significantly 
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biotransformed by pure AOB.20 The discrepancy of the biotransformation ability between NAS 
and pure AOB culture led to two hypotheses: i) the AOB species in this enrichment culture are 
different with the AOB used in pure culture study, and thus have different micropollutants 
biotransformation capacities; ii) the co-existing microorganisms also contributed to the 
biotransformation.  
The objectives of this study are to enrich nitrifying community from biofilm of a nitrification 
trickling tower in a local wastewater treatment plant, and investigate the contribution of more 
environmental relevant AOB to MPs biotransformation. Besides, we also want to determine the 
roles of other microorganisms coexisting with AOB, like NOB, in MPs biotransformation. The 
community structure analysis is adopted to elucidate the contributions of different community 















CHAPTER 2: MATERIALS AND METHODS 
 
2.1 Sampling and Operation 
 
Both of AOB/NOB and NOB enrichment cultures were separately cultivated in two lab-
scale SBRs with the volume of 500mL. The SBRs were inoculated with activated sludge from 
nitrification trickling tower of Sanitary District Waste Water Treatment Plant (Urbana, Illinois), 
and were covered with aluminum foil to preclude the growth of algae. The basal medium consisted 
of following constituents per liter of deionized water: 0.05 g KH2PO4; 0.075 g KCl; 0.05 g 
MgSO4 · 7H2O; 0.584 g NaCl. The pH was manually adjusted by adding 1 M NaHCO3 once it went 
beyond the range of 7.5 ± 0.5. The SBRs were operated with continuous aeration to maintain 
adequate DO concentration, and the oxygen diffusion in the reactors was facilitated by magnetic 
stirrer with the speed of 90 rpm. 2mM ammonia chloride (NH4Cl) and 2mM sodium nitrite (NaNO2) 
were re-added upon depletion in AOB/NOB and NOB enrichment reactors, respectively. Therefore, 
AOB and NOB were both expected to be enriched in AOB/NOB enrichment cultures, while in 
NOB enrichment cultures NOB would be exclusively enriched. Both of AOB/NOB and NOB 
enrichment cultures had 0.75 h settle phase per week, and the supernatant was changed with fresh 
medium after each settle phase. The chemical oxygen demand (COD), nitrite (NO2 – N) and 







2.2 Micropollutants Selection 
 
Fourteen MPs were selected according to the precedent inhibition study on MPs 
biotransformation by NAS.1 The biotransformation of these compounds was substantiated to be 
correlated with nitrification activity to different extents, including Fennhexamid, Rufinamide, 
Asulam, Furosemide, Ranitidine, Carbendazim, Monuron, Acetamiprid, Trimethoprim, Irgarol, 
Levetiracetam, Clomazone, Isoproturon and Tebufenozide. Among these compounds, Fenhexamid, 
Asulam, Ranitidine, and Furosemide have been previously reported being significantly 
biotransformed by AOB pure cultures (Nitrosomonas europaea, ATCC 19718). Nevertheless, 
none of these compounds can be biotransformed by NOB pure cultures (Nitrobacter. sp). The 
reference compounds for the 14 MPs were purchased from Sigma – Aldrich (St. Louis, MO).  The 
stock concentrations for all MPs except Carbandezim were prepared at 1 g L-1 in HPLC grade 
methanol, while the concentration of Carbandezim stock was 0.1 g L-1 due to its low solubility. 
 
2.3 Biotransformation by Nitrifying Community 
 
The stocks of 14 MPs were mixed and diluted in series to make the final concentration of 
mixture at 100 mg L-1 for each MPs, and 5 uL mixture were added into empty 100 mL opaque 
glass bottles. After organic solvent evaporated completely, 25 mL biomass taken from thoroughly 
mixed AOB/NOB or NOB enrichment reactors were inoculated in the bottles when ammonia or 
nitrite were utterly consumed, resulting in initial concentration of 20 ug L-1 for each MPs. There 
were two holes with diameter of 0.5 cm on each cap to guarantee the aerobic condition in glass 
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bottles. NH4Cl or NaNO2 was added to an initial concentration of 2 mM and was re-added to 2 
mM upon depletion into glass bottles with AOB/NOB or NOB enrichment cultures, respectively.     
The bottles were incubated at 31 o C and were shaken at 160 rpm. 1mL samples were taken right 
after NH4Cl or NaNO2 addition. Samples were then centrifuged at 11,000 rpm at 4 o C for 15 min. 
0.6 mL of supernatant was transferred and stored in HPLC vial at 4 o C in the dark for LC-MS/MS 
analysis. 0.2 mL of supernatant was used for ammonia or nitrite measurements. The cell pellets 
left at bottom after centrifuge were stored at -20 o C for qPCR, FISH, clone library and next 
generation sequencing analysis. Subsequent samples were taken following the same procedure at 
4, 12, 24, 48, 72, 96, and 120 h.  
Abiotic transformation and sorption of MPs to inactivated cells were investigated under the 
same initial conditions, but instead of untreated biomass from SBRs, 25 mL autoclaved basal 
medium autoclaved at 120 o C for 50 minutes was inoculated in glass bottles for abiotic 
transformation, while 25 mL biomass autoclaved in the same way was used for testing the MPs 
sorption of heat-inactivated cells. The samples of abiotic transformation and sorption were taken 
at 0, 72 and 120h by the same procedure and for the same purpose as aforementioned. 
 
2.4 Analytical Methods 
 
Liquid chromatography with high-resolution quadrupole orbitrap mass spectrometer (LC – 
HRMS/MS) (Q Exactive, Thermo Fisher Scientific) were used for analyzing MPs, and the analysis 
was performed on a 3.0 x 150 mm C18 Atlantis – T3 column (Waters).  Elution was carried out at 
a flow rate of 350 µL/min with formic acid – amended (0.1% v/v) nanopure water (A) and 
acetonitrile (B), following a stepwise process: 0 - 1 min (5% B), 1 - 8min (5% - 100% B), 8 - 20 
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min (100% B), and 20 - 26 min (5% B). The MS detection was done by full scan acquisition 
(resolution of 70,000 at 200 m/z, a range of 50 – 750 m/z) in a positive/negative switching mode. 
 
2.5 Kinetic Analysis of Biotransformation 
 
The concentration of ammonia in glass bottles was 2mM, and this concentration is much 
higher than typical half-saturation constants of AOB.21, 22 Therefore, the cometabolic reductant 
and competition models could be taken as first order reaction. To compare biotransformation 
activities among AOB/NOB enrichment cultures and NOB enrichment cultures, the 
biotransformation rate constants (kbio) for each MPs were normalized to total cells concentration 
(mg/L) by a first order model (eqs 1-3), which takes consideration of sorption, abiotic 
transformation, and biotransformation processes.23, 24 Bayesian regression was used for evaluating 
the rate constants as described before.23 The median value was assigned as kbio , and the estimation 
uncertainty was represented by the 5% and 95% percentile.  
 
                                                      (1) 
                                                                                         (2) 
                                                                                      (3) 
 
Sc is the concentration of MPs in aqueous phase, faq is the dissolved compound fraction, kbio is the 
biotransformation rate constant normalized to total cells concentration, ka is the abiotic 




















Table 1.  Kinetic parameters of biotransformation, abiotic transformation and dead cell adsorption 
*  Normalized to total cells (mg/L); values are reported as median with 5%, 95% percentile in brackets.   
 
 
Compounds          
 
kbio [L· (mg cells)-1 · d-1]   ka [L · (mg cells)-1 · d-1] kd [L · (mg cells)-1 · d-1] 




































































2.6 Quantitative PCR and FISH 
 
AOB amoA gene copy numbers were measured by quantitative PCR (qPCR) using specific 
primer sets, amoA-1f (5’ – GGGGTTTCTACTGGTGGT – 3’), amoA-2r (5’– CCCCTCKGSAA 
AGCCTTCTTC – 3’). Nitrobacter 16S rRNA gene copy number was measured by Nb-1000f (5’ 
– TGCGACCGGTCATGG – 3’), 1387r (5’ – GGGCGGWGTGTACAAGGC – 3’). 16S rRNA 
gene copy number of Nitrospira was measured by Nspra-675f (5’ – 
GCGGTGAAATGCGTAGAKATCG–3’), Nspra-746r (5’-TCAGCGTCAGRWAYGTTCCAGA 
G – 3’).  Each qPCR reaction was carried out in a 20 µL reaction mix, consisting of 2.5 µL template, 
1.25 µL 10 µM each primer, 5 µL nucleus free water, and 10 µL PowerUpTM SYBR Green Master 
Mix (Thermo Fisher Sicentific), which was subjected to lysis during the 2 min denaturing step at 
95 °C before 40 PCR cycles of 1 s at 95 °C, 30 s at 60 °C. 
Specific probes targeting the 16S rRNA of AOB and NOB were used for Fluorescent in-situ 
hybridization (FISH) analysis to visually show the abundance of AOB and NOB in different 
cultures. The AOB probe was Nso1225 (5’ – CGCCATTGTATTACGTGTGA – 3’), and the 
probes for NOB were NIT3 (5’ – CCTGTGCTCCAGGCTCCG – 3’) (Nitrobacter), Ntspa662 (5’ 
– GGAATTCCGCGCTCCTCT – 3’) (Nitrospira). 4,6-diamidino-2-phenylindole (DAPI) was 
used for counterstaining. Optimal hybridization conditions were determined for probes Nso 1225, 
NIT3, Ntspa662 using the hybridization buffer and procedure described by Manz et al.25 Optima 
hybridization stringency was acquired by changing the concentration of formamide. The final 
concentration of formamide in hybridization solution was 35% (Nso 1225), 40% (NIT3), 35% 
(Ntspa662), and the concentration of NaCl determined by the Formula of Lathe in washing solution 
was 80 mM (Nso 1225), 56 mM (NIT3) and 80 mM (Ntspa662). Successive hybridization and 
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washing were performed for each probes in the order of NIT3, Nso1225 and Ntspa66 based on the 
relative stringency. Fluorescence was detected with Leica SP8 Fluorescence Confocal Microscope 
(Leica Microsystems). 
 
2.7 Clone Library 
 
The 16S rRNA gene of microorganisms in AOB/NOB and NOB enrichment culture was 
acquired by PCR amplification with 27f (5’ – AGAGTTTGATYMTGGCTCAG – 3’) 1492r (5’ – 
GCYTACCTTGTTACGACTT – 3’), and PCR products were purified by MinElute PCR 
purification kit (Qiagen). Purified PCR products were inserted into pCR2.1-TOPO vector 
(Invitrogen), and amplified in TOP10 Chemically Competent E.coli cells (Invitrogen) prior to 
Blue-White Screening. For each enriched cultures, 120 clones were sequenced by Sanger 
sequencing. Phylogeny assignment was performed on Silva online aligner,26, 27 based on Silva SSU 
132 database.   
 
2.8 Illumina Sequencing and Sequence Analysis  
 
Illumina MiSeq sequencing was carried on 8 samples (4 samples for each of AOB/NOB and 
NOB enrichment cultures). Illumina PCR amplicon libraries were constructed by 357f (5’ – 
CCTACGGGNGGCWGCAG – 3’) and 805r (5’ – GACTACHVGGGTATCTAATCC – 3’) 
targeting V3-V4 hyper variable region of 16S rRNA genes. Illumina sequence reads were 
processed by Qiime2-2017.10. Sequence quality control and chimeric check were performed by 
DADA2.28 The same region (V3 357f – V4 805r) of reference sequence in Silva_132_release 16S 
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rRNA database were extracted and used to train a customized Naïve Bayes classifier by feature 
classifier plugin of Qiime2. This classifier was used to assign taxonomy to the representative 
sequence for each OUT with a maximum distance of 3%. The phylogenetic tree was constructed 






















CHAPTER 3: RESULTS AND DISCUSSION 
 
3.1 MPs Biotransformation by Nitrifying Community 
 
First, MPs biotransformation capabilities of active enriched cultures for all of the fourteen 
MPs in AOB/NOB enrichment culture were tested (Fig. 1). Fennhexamid, Rufinamide and Asulam 
showed a 120 h (5 day) removal of 55.6%, 32.4% and 22.6%, while the removal of Ranitidine and 
Furosemide was relatively lower. There was no obvious biotransformation (> 10%) for all the other 
MPs and similar to those in the heat-inactivated control. Depending on the compound, 0 – 15% of 
MPs were absorbed on heat-inactivated biomass. No significant abiotic removal (> 6%) was 
observed in autoclaved fresh medium. The low removal rate of MPs in fresh medium and heat-
inactivated control suggested the removal of MPs was mainly due to the biotransformation by 
active biomass in enriched AOB/NOB cultures. MPs biotransformation capabilities of enriched 
AOB/NOB cultures were consistent with biotransformation results of pure AOB culture, 
Nitrosomonas europaea (communication with Yaochun Yu, University of Illinois at Urbana-
Champaign), leading to the concern about the community components of enriched AOB/NOB 
cultures. 
At the time biotransformation was carried out, the daily ammonia consumption rate of 
enriched AOB/NOB cultures was 6 mM NH4Cl (Fig. 2). The cell samples collected after the 5-day 
biotransformation were hybridized with specific probes of AOB and NOB (Nitrobacter, Nitrospira) 
prior to counterstaining with DAPI. Approximately 75% cells hybridized with AOB specific probe 
and 8% hybridized with NOB probe, while 17% didn’t hybridize with any of AOB and NOB 
specific probe. This results were consistent with the relative abundance of AOB (72.4%) calculated 
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by qPCR copy number. High relative abundance of AOB partially explained the similarity of MPs 
biotransformation in enriched AOB/NOB cultures with that of pure AOB culture, though AOB in 
AOB/NOB enriched cultures and AOB pure culture (Nitrosomonas europaea) could be different 
in species level.  
MPs biotransformation abilities in NOB enrichment cultures were examined with similar 
experimental settings (Fig. 1). Similarly, for all of the fourteen MPs, there wasn’t much removal 
for all of the MPs in autoclaved fresh medium control. For most of MPs in autoclaved fresh 
medium control, the removal rates were less than 10%, while 16% of Rufinamide and 13% 
Ranitidine were abiotically transformed. Except for Rufinamide (25% adsorbed by heat-
inactivated biomass), no significant adsorption was observed for all the other MPs in heat-
inactivated control. For the MPs with top 5 high biotransform removal ratio in AOB/NOB enriched 
cultures, Fennhexamid and Asulam showed much less removal in NOB enriched cultures, while 
the biotransform removal ratio of Ranitidine virtually remained the same. The biotransformation 
of Rufinamide and Furosemide were clearly higher in NOB enriched culture. For Rufinamide, the 
removal ratio (41.5%) in active biomass could be largely attributed to adsorption and abiotic 
transformation. However, the removal of Furosemide (48.9%) in active biomass was mainly 
caused by biotransformation, given the adsorption (7%) in heat-inactivated control and abiotic 
transformation (4%) in autoclaved fresh medium were trivial. 
At the time MPs biotransformation was tested in NOB enriched cultures, the consumption 
rate of NaNO2 in NOB enriched cultures was 4.8 mM per day (Fig. 2). According to FISH test, the 
relative abundance of NOB was roughly 30% suggesting the dominant species in NOB enriched 
cultures was NOB, and there was barely no AOB. Results of qPCR revealed that the ratio of 
Nitrospira and Nitrobacter in NOB enriched cultures was roughly 1:3 (6.28% Nitrospira, 18.75% 
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Nitrobacter), indicating the primary NOB in NOB enriched cultures was Nitrobacter. Nevertheless, 
to our knowledge NOB pure culture (Nitrobacter) could not biotransform any of the fourteen MPs 
tested in this project including Furosemide (communication with Yaochun Yu, University of 
Illinois at Urbana-Champaign), leaving the exact reason for the biotransformation of Furosemide 
unclear. Hypothetically, Nitrospira could biotransform Furosemide, or it might be the 
microorganisms coexisting with NOB in NOB enriched cultures contributed to the 




























Figure 1.  Biotransformation of 14 micropollutants with initial concentration of 20 µg/L in the 











Figure 2. Ammonia degradation curve of AOB/NOB enrichment cultures (left) and nitrite 




3.2 Kinetic characterization of MP Biotransformation 
 
The kinetic parameters of enriched cultures achieved from Bayes regression showed how 
fast MPs can be biotransformed, assuming all of the microorganisms in the enriched cultures were 
involved in MPs’ biotransformation. Obviously, the magnitude of kbio (s) of AOB/NOB and NOB 
enrichment cultures for each MPs were in the same order with the biotransformation percentage 
(Table 1).  
However, when comparing the kbio (s) between AOB/NOB enrichment and NOB enrichment 
cultures, the kbio (s) of AOB/NOB enrichment cultures were much larger than that of NOB 
enrichment cultures. The reason was the total bacteria concentration in AOB/NOB enrichment 
cultures was 0.258 mg/L, while the concentration (3.420 mg/L) in NOB enrichment cultures was 
more than ten times higher. Hence the kbio of AOB/NOB enrichment cultures for Furosemide was 
still higher than that of NOB enrichment cultures after normalizing to total bacteria concentration, 
though the removal percentage of Furosemide in AOB/NOB enrichment cultures was lower than 
the removal percentage in NOB enrichment cultures. However, the difference between NOB 
enrichment cultures and NOB pure culture (Nitrobacter) was still significant in terms of 
Furosemide removal, since NOB pure culture showed no biotranformation ability to Furosemide. 
 
3.3 Microbial Community Analysis 
 
After 8-months cultivation, AOB and NOB were successfully enriched in AOB/NOB and 
NOB enriched cultures, respectively. As shown in Fig. 3, according to the results of qPCR, the 
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Nitrosomonas increased from 17.2% to 75.9% in AOB/NOB enrichment cultures, while 
Nitrobacter increased from 0 to 18.8% in NOB enrichment cultures. Remarkably, the percentage 
of Nitrospira in AOB/NOB enrichment cultures decreased from 4.3% to zero, while the Nitrospira 
(from 7.2% to 6.3%) in NOB enrichment cultures virtually remained the same, resulting the total 
amount of NOB (Nitrobacter and Nitrospira) increased from 7.2% to 25.1% in NOB enrichment 
cultures. Meanwhile, Nitrobacter was also accumulated in AOB/NOB enrichment cultures, 
increasing from 0 to 7.6%.  
Besides of dominant AOB and NOB, clone library provided a more in-depth picture of the 
community components in each enrichment cultures. According to clone library, the 120 
sequences were classified into 9 OTUs. There was 64.9% Nitrosomonas in AOB/NOB enrichment 
cultures, as well as 13.5% Blastocatellaceae, 9.0% Luteimonas, 4.5% Woodsholea, 2.7% 
Nitrobacter, 1.8% Planctomyces and 2.7% others. The diversity in NOB enrichment cultures was 
higher. 118 sequences were classified into 28 OTUs. There was 9.9% Nitrobacter, 7.7% 
Terrimonas, 6.6% SM1A02, 4.4% Nitrospira, 4.4% Mesorhizombium and 67.0% others.  
The comprehensive understanding of the enrichment process was obtained by Illumina 
sequencing results. 8 time serials samples (4 for each of AOB/NOB and NOB enrichment cultures) 
at 2nd month, 4th month, 8th month and 12th month were sent to sequencing. The total of 
1,913,546 high quality sequences were obtained by Illumina MiSeq sequencing performed at Carl 
R. Woese Institute for Genomic Biology – University of Illinois at Urbana-Champaign. The alpha 
diversities for each samples reached a plateau at the number of obtained sequences, suggesting a 
complete capture of bacterial community for each samples.  
For AOB/NOB enrichment cultures, the number of recognized phyla decreased from 12 to 
7, excluding Cyanobacteria, Gemmatimonadetes, Nitrospirae, Patescibacteria and 
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Verrucomicrobia. Notably, the vanishing of Nitrospirae phylum indicating the disappearing of 
Nitrospira genus. The selectivity of enrichment was also reflected at other taxonomy level. The 
number of class decreased from 20 to 11, order decreased from 44 to 18, family decreased from 
47 to 25, genus decreased from 39 to 28. For NOB enrichment cultures, the same trend was also 
observed. As shown in Fig. 5. The decreasing of Shannon index and Simpson index substantiated 
the decline of diversity in both of AOB/NOB enrichment and NOB enrichment cultures. 
Meanwhile, the most abundant genus in AOB/NOB and NOB enrichment cultures also 
changed over time. For AOB/NOB enrichment cultures (Fig. 6), at 2nd month the most abundant 
genus was 6.5% Nitrosomonas, 6.1% Terrimonas, 5.6% SWB02, 4.8% Nitrospira, 4.4% 
Brenundimonas, 3.9% Stenotrophobacter, 3.3% Thermomonas, 2.8% Galbitalea, 2.2% Aquicella 
and 2.2% Caulobacter accounting for 41.8% of total sequences. At the time biotransformation was 
performed (8th month), there was 52.5% Nitrosomonas, 9.4% SWB02, 3.5% Pseudaminobacter, 
3.3% Mesorhizobium, 2.1% Planctopirus, 2.0% Aminobacter, 1.6% Nitrobacter, 1.6% Luteimonas, 
1.5% Terrimonas and 1.4% Hydrogenophaga, accounting for 78.9% of total sequences. For NOB 
enrichment cultures (Fig. 7), at the first time point (2nd month), the 10 most abundant genus were 
SWB02 (6.8%), Terrimonas (4.3%), Nitrospira (3.2%), Galbitalea (3.1%), Aquicella (2.7%), 
Brevundimonas (2.6%), Ferruginibacteria (2.6%), Arenimonas (2.5%), Thermomonas (1.8%), 
Flavihumibacter (1.6%), a pattern very similar with the AOB/NOB enrichment cultures at the first 
time point (2nd month). AOB/NOB enrichment cultures and NOB enrichment cultures were 
inoculated with the same sludge samples, their community structures were still comparable after 
two-months cultivation, except for the ratio of Nitrobacter and Nitrosomonas.  At the 8th month, 
the divergence between NOB enrichment cultures with AOB/NOB enrichment cultures became 
significant. The 10 most abundant genus in NOB enrichment cultrures changed to Nitrobacter 
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(7.8%), Nakamurella (4.3%), SM1A02 (3.7%), Ferruginibacter (3.5%), Hyphomicrobium (3.1%), 
Pedomicrobium (3.1%), Nitrospira (3.1%), SWB02 (2.9%), Hydrogenophaga (2.8%) and 
Cephaloticoccus (2.6%), accounting for 36.9% of total sequences. Among top 10 originally most 
abundant genus in AOB/NOB enrichment cultures Terrimonas, SWB02 and Nitrosomonas were 
maintained after 8 months, while in NOB enrichment cultures only SWB02 and Nitrospira were 
maintained. SWB02 was facultatively anaerobic and chemo-organotrophic bacteria.30 Terrimonas 
was capable of utilizing several organic carbon source, including glucose, mannose, esculin, etc.31 
Phenotype test showed both of Terrimonas and SWB02 were related with denitrifying.30, 31  
The divergence of NOB enrichment cultures and AOB/NOB enrichment cultures were 
revealed by the Axis 2 in PCoA analysis (Fig. 8). Axis 2 explained 17.1% variance of community 
components based on Bray-curtis dissimilarity distance.32 At the first time point (2nd month), 
AOB/NOB enrichment cultures and NOB enrichment cultures could not be separated indicating 
the high similarity of community components of them. According to PCoA analysis, the 
divergence of community structure resulted from selective pressure exerted by abiotic factors 
including energy source, temperature and pH appeared at latter time, which was consistent with 
the fact that the ratio of each component in AOB/NOB and NOB enrichment cultures dramatically 
changed and end up with significantly different community structure later on.  
The AOB in AOB/NOB enrichment cultures was clustered into three OTUs with ratio of 
82.3% (AOB_OTU1), 6.8% (AOB_OTU2) and 10.9% (AOB_OTU3) (Supplemental Fig. 9). 
Phylogenetic analysis revealed AOB_OTU1 was classified as Nitrosomonas europaea, suggesting 
most of AOB in AOB/NOB enrichment cultures was exactly the same as the one used for pure 
culture biotransformation (communication with Yaochun Yu, UIUC), hence explained the 
analogous biotransformation capabilities of pure AOB culture Nitrosomonas europaea and 
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AOB/NOB enrichment cultures. The NOB in NOB enrichment cultures was also clustered into 
three OTUs with ratio of 51.4% (NOB_OTU1), 20.2% (NOB_OTU2) and 28.4% (NOB_OTU3) 
among all of the NOB (Supplemental Fig. 10). NOB_OTU1 and NOB_OTU2 were classified as 
Nitrobacter and NOB_OTU3 was classified as Nitrospira. Based on the knowledge that 
biotransformation was not likely due to Nitrobacter (communication with Yaochun Yu, UIUC), 
and Nitrospira was important component in NOB enrichment cultures by taking considerable ratio, 
we assumed Nitrospira might be responsible for the biotransformation of Furosemide. 
Unfortunately, no biotransformation of Furosemide by Nitrospira had been reported so far, as well 



















Figure 3. Community composition of AOB/NOB enrichment cultures and NOB enrichment 









Figure 4. Community structure analysis by FISH of AOB/NOB enrichment cultures (left) and 
NOB enrichment cultures (right) (DAPI counterstaining in blue: Total microorganisms; Green: 



































Figure 6. Community components of AOB/NOB enrichment cultures at 2nd month (a) and 8th 












Figure 7. Community components of NOB enrichment cultures at 2nd month (a) and 8th month 







Figure 8. pCoA analysis of AOB/NOB enrichment cultures and NOB enrichment cultures based 













CHAPTER 4: DISCUSSION 
 
After 8-months enrichment, the cultures in both of AOB/NOB and NOB enrichment reactors 
were enriched as expected, while the relative abundance of AOB in AOB/NOB reactor was 
significantly higher than the NOB in NOB reactor. The reason to this phenomenon might be the 
amount of energy provided by different reactions. The number of electron transferred in ammonia 
oxidation is higher compared with the number of electron transferred in nitrite oxidation, 
suggesting AOB tended to get more energy than NOB.  
The cultures in AOB/NOB reactor showed similar biotransformation capabilities with AOB 
pure cultures. According to the community analysis of 16S rRNA, most of AOB in AOB/NOB 
enriched cultures was exactly the same as the one used for pure culture study, explaining the 
similarity of the biotransformation capabilities between enriched and pure AOB cultures. 
Meanwhile, the difference in overall community structure and main components between 
AOB/NOB and NOB enriched cultures might lead to the different biotransformation performance.  
Even though the removal of Furosemide in NOB enrichment cultures was higher than 
AOB/NOB enrichment cultures, AOB/NOB enrichment cultures had larger kinetic parameters of 
biotransformation normalized to total cells. The top abundant microorganisms including 
Nitrospira in NOB enrichment cultures were likely to contribute to the biotransformation of 
Furosemide. The limitation of this study was we could not tell which components were exactly 
involved in biotransformation of Furosemide in NOB enrichment cultures, since no study of 
biotransformation of Furosemide with any of the top abundant components in our NOB enrichment 
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APPENDIX A: SUPPLEMENTARY MATERIALS 
 
 
Figure 9. Phylogenetic tree of AOB in AOB/NOB enrichment cultures (AOB_OTU1: 82.3%, 






Figure 10. Phylogenetic tree of NOB in NOB enrichment cultures (NOB_OTU1: 51.4%, 




















































Figure 13. Transformation curve of MPs with top 5 transformation ratio in AOB/NOB 
























Figure 14. Transformation curve of MPs with top 5 transformation ratio in NOB enrichment 
cultures. (a) Fennhexamid (b) Rufinamide (c) Asulam (d) Furosemide (e) Ranitidine 
